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Relative angle-differential cross sections and spin-asymmetry parameters are presented for spin-polarized
electron-impact excitation of spin-polarized cesium atoms for incident projectile energies ranging from 5 eV to
25 eV. The experimental data, obtained in the angular range of 40° to 140°, are compared with predictions
from a nonrelativistic convergent close-coupling treatment for the differential cross section and the (spin)
exchange asymmetry and from a semirelativistic R matrix with pseudostates approach. The latter also yields
nonzero values for two other spin asymmetries that require the presence of explicitly relativistic effects such as
the spin-orbit interaction. The overall agreement between the experimental data and the theoretical predictions
is satisfactory.
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I. INTRODUCTION
In a recent contribution to this journal [1], we presented
results from a detailed angle-differential study of elastic elec-
tron scattering from cesium atoms. Many references to ear-
lier work on this collision system can also be found in the
above reference. The most important characteristic of our
setup is the possibility of preparing both the electron and the
target beams spin polarized. This allows for an investigation
of not only the differential cross section (DCS) for unpolar-
ized beams but also of three spin asymmetries that may oc-
cur if either one or both beams are spin polarized. The com-
parison of the experimental data with predictions from two
highly sophisticated theories, a nonrelativistic convergent
close-coupling (CCC) model [2] and a semirelativistic Breit-
Pauli R matrix with pseudostates (RMPS) approach [3], rep-
resented the most thorough test of collision theories for this
scattering system to date.
Although some disagreements remained, particularly in
the theoretically most difﬁcult “intermediate-energy regime”
of incident energies between one and about three times the
ionization potential, the overall agreement between the the-
oretical predictions and the experimental data was found to
be very satisfactory. In particular, we noticed that the nonrel-
ativistic CCC model was able to describe very well the dif-
ferential cross section s0 for unpolarized beams as well as
the exchange asymmetry Ann. This asymmetry describes the
relative difference between the differential cross sections for
antiparallel and parallel orientations of the projectile and tar-
get spin polarizations. On the other hand, all nonrelativistic
models, such as the present CCC, predict exactly zero values
for the two “relativistic” spin asymmetries, namely the “spin-
orbit asymmetry” A2 corresponding to Mott scattering of a
spin-polarized electron beam from an unpolarized target [4]
and the “interference asymmetry” A1 that may occur in the
scattering of an unpolarized electron beam from a spin-
polarized atomic target [5]. The semirelativistic RMPS
model indeed predicted nonzero values for A2 and A1,i n
good overall agreement with the experimental measure-
ments.
The primary motivation of the present experimental work
was to provide a similarly detailed set of benchmark data for
inelastic collisions, both for the optically allowed s6sd2S1/2
!s6pd2P1/2,3/2
o resonance transition and the optically forbid-
den s6sd2S1/2!s5dd2D3/2,5/2 transition. As analyzed in detail
by Andersen and Bartschat [6], the spin asymmetries A2 and
A1 are primary candidates for revealing the inﬂuence of rela-
tivistic effects on the collision process, since they remain
zero in nonrelativistic models if the ﬁne-structure levels are
not resolved, as was the case in the present experiment. The
above analysis also explained to a large extent why nonrela-
tivistic theories predict the DCS and Ann so well, and also the
Stokes parameters measured in electron-photon coincidence
experiments [7] or the equivalent time-reversed superelastic
setups [8], as long as the incident electron beam is unpolar-
ized.
The present joint experimental and theoretical study,
therefore, is the systematic extension of our previous work
from elastic to inelastic transitions. We cover a considerable
range of incident energies between 5 eV and 25 eV for scat-
tering angles between 40° and 140°, thereby providing a
thorough testing ground for current and future theoretical
models. As described in detail earlier [1], the success of the
present study was critically dependent on major advances in
both experimental and theoretical techniques. We will not
repeat the details here, but instead concentrate on experimen-
tal aspects of particular relevance to resolving the transitions
of interest. The observables measured in the present work
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about the CCC and RMPS numerical methods used in the
present work can be found in Sec. IV of Ref. [1] and the
references given therein. However, in order to make this pa-
per self-contained, we summarize the most important aspects
in Sec. III.
II. OBSERVABLES
For our scattering geometry, shown in Fig. 1, the spin-
dependent inelastic DCS can be written as
s = s0f1+A1sPa · n ˆd + A2sPe · n ˆd − AnnsPa · n ˆdsPe · n ˆdg,
s1d
where s0 is the DCS for unpolarized beams, the A’s are the
observable spin asymmetries, and Pa and Pe are vectors de-
scribing the spin polarizations of the atom and electron
beams, respectively. In our case, the physical quantities ei-
ther refer to inelastic scattering with excitation of the 6p
state spd, excitation of the 5d state sdd, or combined excita-
tion of both fsp+ddmixg.
In Eq. (1), the asymmetries A1 and A2 correspond to
single-spin “up-down” asymmetries (with respect to the re-
action plane) of the DCS, either for inelastic scattering of
unpolarized electrons from polarized atoms sA1d or for scat-
tering of polarized electrons from unpolarized atoms sA2d.
Furthermore, Ann represents a double-spin “antiparallel–
parallel” asymmetry (with respect to the normal of the reac-
tion plane) for scattering of polarized electrons from polar-
ized atoms.
As in the elastic case, the asymmetries in Eq. (1) can be
expressed by complex amplitudes. As analyzed in detail by
Andersen and Bartschat [6], these amplitudes can be classi-
ﬁed as “direct,” “exchange,” and “(purely) relativistic”. For
the case of 6s!6p excitation in e−Cs collisions, for ex-
ample, there are a total of 24 independent amplitudes in such
a relativistic framework, compared to just 4 if relativistic
effects are completely neglected. Interestingly, the above
analysis also revealed that the purely relativistic amplitudes
are generally much smaller in size than the exchange-only
amplitudes which, in turn, are likely again much smaller than
the direct amplitudes. Hence, relativistic effects are ﬁrst seen
by their inﬂuence on the values of the direct amplitudes, i.e.,
such direct amplitudes that would be identical in a nonrela-
tivistic framework become different if these effects are in-
cluded. While exchange-only amplitudes may also be af-
fected by relativistic interactions, the way they are combined
in the formation of the double-spin “exchange asymmetry”
Ann washes out the effect to a large extent, and hence Ann can
be predicted quite well in nonrelativistic models. This, how-
ever, is not the case for the single-spin asymmetries A2 and
A1. The former occurs if spin-polarized electrons are scat-
tered from unpolarized atoms. If the “ﬁne-structure” effect
[9], i.e., a possibly very strong dependence of the asymmetry
on the j value of the excited target state, is summed over,
then nonvanishing values of these asymmetries are indica-
tions for signiﬁcant spin-orbit effects on the continuum elec-
tron, combined with exchange effects in the case of A1.
For inelastic scattering with excitation of the 6p state s,
=1d or of the 5d state s,=2d, theory can provide on a de-
tailed level the ﬁne-structure resolved cross sections s0
sp,ddj
with j=,±1/2, as well as the spin asymmetries for each of
the ﬁne-structure levels. If the ﬁne-structure states are not
resolved experimentally, one can take a combination of these
quantities (in equal proportions) to obtain the expressions
s0
p = s0
p1/2+ s0
p3/2, s2d
Ai
p =
s0
p1/2Ai
p1/2+ s0
p3/2Ai
p3/2
s0
p1/2+ s0
p3/2 , s3d
and
s0
d = s0
d3/2+ s0
d5/2, s4d
Ai
d =
s0
d3/2Ai
d3/2+ s0
d5/2Ai
d5/2
s0
d3/2+ s0
d5/2 . s5d
In conditions where the 6p state and the 5d state can be
considered as being energetically close together, one can go
even further and construct quantities for the case of unre-
solved p and d states in a similar way, leading to
s0
sp+dd = s0
p + s0
d, s6d
and
Ai
sp+dd =
s0
pAi
p + s0
dAi
d
s0
p + s0
d . s7d
As an experimental study will not necessarily have a
setup which accepts in equal proportions electrons scattered
from the ﬁne-structure levels as the theoretical constructs of
Eqs. (2)–(5) require, one has to make additional modiﬁca-
tions. If the experimental acceptance proportions are known,
they can be applied as weighting coefﬁcients to the corre-
sponding theoretical s0
sp,ddj cross sections in the equations
above. Likewise, for the treatment of the case with unre-
solved p and d states, insertion of the individual weights
leads to intensity signals and asymmetry values which can be
FIG. 1. Scattering geometry. The momenta of the incident and
the scattered electrons are denoted by k and k8, respectively, while
n ˆ is the normal vector to the reaction plane.
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quantities, which are obtained with unequal weights, are de-
noted by s0
sp+ddmix and Ai
sp+ddmix below.
III. NUMERICAL MODELS
The ﬁrst problem arising in the numerical treatment of
electron collisions with many-electron targets is a proper de-
scription of the target structure. For Cs in particular, it is well
known that a core-potential approach, i.e., obtaining orbitals
for the target valence electrons and subsequently performing
a quasitwo-electron collision calculation by treating the inner
54 electrons by a core potential, is very advantageous, as
long as inner-shell excitation processes can be neglected. In
the present work, we adopted this strategy and performed
semirelativistic Breit-Pauli RMPS calculations using a local
static plus exchange potential, as well as nonrelativistic CCC
calculations using the Hartree-Fock core potential. In both
models, core-polarization effects were simulated by adding a
semiempirical long-range polarization potential, whose ad-
justable parameters were determined by comparing the cal-
culated valence spectrum with experiment [10].
The collision models mentioned above are based upon the
close-coupling expansion. Using a large number of physical
discrete as well as ﬁnite-range pseudostates, an attempt is
made to account for all important channel coupling effects,
ideally to convergence, by comparing the results generated
with different numbers of pseudostates. Speciﬁcally, we will
show below results from a 40-state Breit-Pauli RMPS model
and from CCC models with up to 72 LS-coupled states, de-
pending on the collision energy. Since the semirelativistic
R-matrix model only corresponds to 23 LS-coupled states,
the probability for converged RMPS predictions is certainly
smaller than that for converged CCC results. However, the
much larger number of coupled channels in a relativistic
compared to a nonrelativistic angular-momentum coupling
scheme, together with the general features of an R-matrix
method originally designed for low-energy scattering, did not
allow us to include any more states in the close-coupling
plus correlation expansion.
IV. EXPERIMENT
A. Method
We use crossed beams of spin-polarized cesium atoms
and spin-polarized electrons. The angle and energy for the
scattered electrons are selected with an energy analyzer ro-
tatable in a plane perpendicular to the atomic beam. We de-
termine the spin asymmetries by observing event yields for
different combinations of projectile and target spin orienta-
tions. Speciﬁcally, we produce beam polarizations perpen-
dicular to the reaction plane which can be reversed in their
direction. We then measure four spin-dependent differential
cross sections relative to each other by observing the count
rates N"", N##, N"#, and N#", where the ﬁrst superscript indi-
cates the target spin while the second denotes the projectile
spin direction with respect to the scattering plane. From the
accumulated, background-corrected rates we construct “raw
asymmetries” by forming suitable combinations of spin-
dependent settings exploiting Eq. (1)( see Ref. [1] for de-
tails). Finally, A1, A2, and Ann are obtained by normalizing
the asymmetries to unity spin polarizations with Pa,Pe, and
Pa·Pe, respectively.
In the determination of A2, an unpolarized atomic beam is
constructed by taking the average of N"" and N#" for elec-
trons with spin “up” and of N"# and N## for electrons with
spin “down,” respectively. Similar averages are taken to con-
struct an unpolarized electron beam for the measurement of
A1. For the relative measurement of the differential excita-
tion cross sections s0, we actually use unpolarized beams.
Our experimental apparatus is described in Ref. [1] in more
detail, especially with regard to the spin-polarized beams.
We typically obtained an atomic polarization of Pa=0.85 at
an atomic beam density of 53109/cm3 in the scattering cen-
ter. The relative uncertainty in the atomic polarization for the
different experiments ranges from dPa/Pa=±4.5% to
dPa/Pa=±8.5%. For the electron beam, we obtained cur-
rents of 0.5 mA in the scattering region and a typical polar-
ization of Pe=0.65. The relative uncertainty in the electron
polarization amounts to dPe/Pe=±4.5%. A 180° electro-
static monochromator with a central radius of 10 cm in the
electron beam line was set to provide an energy spread of
DE=150 meV for the incident electrons.
To calibrate the energy scale, we use an ion detector
which is installed near the scattering center to monitor the
production of Cs+ ions by scanning the projectile energy in
the vicinity of the ionization threshold at 3.9 eV. The onset
of ionization is observed with an accuracy of ±0.1 eV. In
addition, comparing the observed spin asymmetry in the total
ionization cross section with our earlier measurements [11],
this detector provides a fast cross check on the correct spin
settings, particularly regarding the collinearity of Pa and Pe.
Furthermore, the spin settings are alternated in short time
intervals to reduce systematic errors, and are interspersed
with determinations of background rates by shutting off the
atomic beam with a beam ﬂag.
B. Scattered electron detection
In the scattering chamber, the hemispherical electron en-
ergy analyzer is located below the plane of the two horizon-
tal crossed beams and can be rotated around the atomic beam
axis, covering angles between 40° and 140°. The analyzer
has a central radius of 3.3 cm and entrance and exit openings
of 0.3 cm each. The ﬁve-element electron optical lens system
at the entrance to the analyzer deﬁnes the accepted phase
space. With an electron-optical simulation program, we op-
timized the phase space and obtained DuFWHM=4.5° as the
optimal value for the angular resolution of the analyzer, and
typical values of DuFWHM=7.5° for the energies investigated
here.
Our measurements were carried out with two different
settings for the energy resolution of the scattered electrons,
namely with DEFWHM=0.3 eV for resolving the 6p from the
5d-state excitation and with DEFWHM=0.7 eV for giving a
combined signal of the unresolved 6p and 5d excitation. The
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tering rates and allowed for the investigation of a large an-
gular range at energies from 5 eV to 25 eV. The resolved
measurements with their considerably lower signal rates
could be carried out only at energies between 7 eV and
12 eV within a limited angular range. They provide a com-
parison with theory on a more direct level and allow for
important tests of our analysis method. Based on these tests,
we are conﬁdent in the results for both settings of our energy
resolution.
For the resolved investigations with DE=0.3 eV, an ex-
ample of an energy-loss spectrum is given in the upper part
of Fig. 2. Shown is the scattering rate at 10 eV and u=40° as
it was simulated from theoretical data with application of the
experimental energy widths, energy resolutions, and trans-
mission rates of the detection system. The curve is broken up
into its contributions from the different ﬁne-structure states.
At each energy investigated, the measured spectra are always
in good agreement with the simulations as regards the loca-
tion and the width of the p and d peaks. If our experiment,
which is not able to resolve the ﬁne structure, is set to the
energy of the center of the p peak, one sees from the ﬁgure
that the contributions from the two levels are not accepted in
equal proportions, but that the contribution of s0
p3/2 is about
7% higher than that of s0
p1/2. This is independent of the scat-
tering angle and applies with this value in good approxima-
tion to all energies investigated in this operational mode. In
the spectrum, we have indicated a conﬁdence interval with
which the center of the peak can be located experimentally.
For the d state, the respective levels essentially contribute
with equal detector weights, as here the ﬁne-structure split-
ting is six times smaller than for the p state (12 meV versus
69 meV) and the discussed effect is negligible on the basis of
our 0.3 eV energy resolution.
The lower part of Fig. 2 shows simulations of asymme-
tries Ai
sp+ddmix (lines), as a function of the experimental
energy-loss setting. For obtaining these numbers, we used
theoretical cross section and asymmetry data and applied the
experimentally expected weights for the cross sections, fol-
lowing the recipe outlined above in Eqs. (6) and (7). The
asymmetries exhibit little dependence on energy near the d
peak and p peak, except for A1
sp+ddmix at the p peak s<A1
pd.
These asymmetries are therefore relatively insensitive to the
accuracy of the experimental settings. A1
p, however, is
strongly dependent on energy and varies over the conﬁdence
interval by <0.15 for the example given. This behavior re-
sults from the fact that A1
p1/2 and A1
p3/2 individually have large
magnitudes, but A1
p1/2<−2A1
p3/2. This is a consequence of the
ﬁne-structure effect [9] already mentioned above. The ap-
proximate factor of −2, together with s0
p3/2<2s0
p1/2, leads to
A1
p<0 if the two levels contribute in equal proportions [see
Eq. (3)]. However, if they do not contribute with equal
weights, this cancellation is incomplete and signiﬁcant asym-
metry values may arise, as seen from the ﬁgure.
We tested the response of our experimental setup to
energy-loss variations in a dedicated measurement. Our mea-
sured results are also shown in the lower part of Fig. 2
(points). We varied the energy by ±130 meV around the cen-
ter of the p peak and measured the respective asymmetries.
As can be seen, the behavior expected from our simulations
with theoretical input is conﬁrmed to a good approximation.
For the more strongly varying asymmetries, we therefore in-
troduced conﬁdence limits as indicated in Fig. 2. These lim-
its are most important for A1
p and, to a lesser extent, for A2
p.
For the results presented below, disagreement between ex-
periment and theory exists only if the discrepancies are
larger than the range between the conﬁdence limits.
For the unresolved investigations with DE=0.7 eV, the
location and shape of the observed peak in the energy loss
spectra is likewise in agreement with our simulation of the
experimental conditions. For each energy, the experimental
settings vary much stronger than for the resolved measure-
ments, because of the special mode of operation. For each
energy, we obtain weighting factors for the contribution of
the individual ﬁne-structure cross sections s0
sp,ddj to the sig-
nal, which we use in generating the theoretical quantities for
comparison with the experimental data. The average values,
which are also typical, are 0.28, 0.305, 0.21, and 0.205 for
s0
p1/2, s0
p3/2, s0
d3/2, and s0
d5/2, respectively. These numbers yield
approximate weights of 0.6 for s0
p and 0.4 for s0
d. Using this
information, one can generate the theoretical quantities in an
approximate but transparent way from Eqs. (6) and (7).
V. RESULTS
Figures 3–10 present our results for the angle-differential
cross section s0 and the spin asymmetries Ann, A2, and A1
for electron-impact excitation of Cs atoms. Figures 3, 5, 7,
and 9 exhibit the unresolved data for the excitation of the 6p
and the 5d states at incident electron energies between 5 eV
FIG. 2. Energy-loss spectra for the case where the 6p and 5d
states are resolved, as simulated from the experimental conditions
with input of theoretical cross section and asymmetry data. Top:
scattering rate. Bottom: asymmetries.
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the individual 6p and 5d states for projectile energies be-
tween 7 eV and 12 eV. As described above, the experiment
accepts in the unresolved operational mode roughly a propor-
tion of 0.6 from the 6p state and 0.4 from the 5d state. For
the comparison with theory, the precise proportions, as simu-
lated, are taken here after forming the appropriate mixtures
with the calculated cross sections and asymmetries. In the
FIG. 3. Relative angle-differential cross section signal for unresolved electron-impact excitation of the 6s!6p and 6s!5d transitions
in Cs for incident projectile energies between 5 eV and 25 eV. The solid and broken lines are obtained from the results of the RMPS and
CCC methods, respectively, by forming a mixture of the calculated cross sections in the proportions required by the experiment as described
in the text. The experimental results for the scattering rate have been normalized to theory at angles between 80° and 90°. The error bars
shown are statistical.
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oretical predictions that are only summed over the ﬁne-
structure levels (in equal proportions), either for the 6p state
excitation or for the 5d state excitation. The fact that for the
6p state the experiment, which cannot resolve the ﬁne struc-
ture, accepts 7% more of the p3/2 than of the p1/2 is neglected
as it has, even for the asymmetry A1, very little inﬂuence on
the size of the asymmetries to be compared with, and on the
FIG. 4. Angle-differential cross section s0 for electron-impact excitation of the individual 6s!6p (left) and 6s!5d (right) transitions
in Cs for incident projectile energies between 7 eV and 12 eV, as calculated with the RMPS method (solid line) and the CCC method
(broken line). The relative experimental results for the cross sections have been normalized to the RMPS results at an angle of 40°. The error
bars shown are statistical.
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common energies and angles, the resolved and unresolved
data are clearly connected. The experiments for the resolved
and unresolved cases, however, were performed indepen-
dently.
Our experimental data points only show the statistical er-
ror bars. Systematic errors may originate from uncertainties
in the determination of the polarizations which are added in
quadrature for the product of Pa and Pe. For the asymme-
tries, these uncertainties typically amount to ±9% for Ann,
FIG. 5. Spin exchange asymmetry Ann for unresolved electron-impact excitation of the 6s!6p and 6s!5d transitions in Cs for incident
projectile energies between 5 eV and 25 eV. The thick solid and broken lines are obtained from the results of the RMPS and CCC methods,
respectively, by forming a combined asymmetry, using Eqs. (3), (5), and (7) together with weights for the individual cross sections as
required by the experiment as described in the text. The thin dotted and dashed lines indicate the conﬁdence limits around the RMPS results,
and they are also representative for the CCC curve. The error bars shown at the experimental points are statistical.
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uncertainties, i.e., the absolute error is proportional to the
size of the asymmetry itself. The inﬂuence of the ﬁnite an-
gular resolution of the electron detector on the results can be
taken into consideration by convoluting the theoretical data
with the experimental resolution function for the compari-
son. It was found that for all energies with DuFWHMø5° this
is an insigniﬁcant effect. Only where DuFWHM.5° and
FIG. 6. Spin exchange asymmetry Ann for electron-impact excitation of the individual 6s!6p (left) and 6s!5d (right) transitions in Cs
for incident projectile energies between 7 eV and 12 eV. The thick solid and dashed lines show the results of the RMPS and the CCC
methods, respectively. The thin dotted and dashed lines, visible only in a few places, indicate the conﬁdence limits around the RMPS results,
and they are also representative for the CCC curve. The error bars shown at the experimental points are statistical.
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values are noticeable changed. An example is shown in
Fig. 8.
As seen from Fig. 3, mostly good agreement between the
experimental data and the calculations of the RMPS method
as well as the CCC method can be stated for the relative
sp+ddmix cross sections. At 5 eV, however, the experimental
results lie considerably above theory in the small-angle re-
gion. Furthermore, the rise at backward angles s130°d be-
tween 12 eV and 15 eV, mostly seen by the CCC method, is
FIG. 7. Spin-orbit asymmetry A2 for unresolved electron-impact excitation of the 6s!6p and 6s!5d transitions in Cs for incident
projectile energies between 5 eV and 25 eV. The solid line is obtained from the results of the RMPS method by forming a combined
asymmetry, using Eqs. (3), (5), and (7) together with weights for the individual cross sections as required by the experiment as described in
the text. The thin dotted and dashed lines, visible only in a few places, indicate the conﬁdence limits around the RMPS results. The error bars
shown at the experimental points are statistical.
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RMPS results at angles below 50° and energies above 18 eV
is not seen experimentally. In Fig. 4, one can state good
agreement for the 6p state excitation, whereas for the 5d
state excitation, the experiment seems to be below theory at
angles above 50° or, if we normalized at large angles, above
FIG. 8. Spin-orbit asymmetry A2 for electron-impact excitation of the individual 6s!6p (left) and 6s!5d (right) transitions in Cs for
incident projectile energies between 7 eV and 12 eV. The thick solid line shows the results of the RMPS method, while the thin dotted and
dashed lines indicate the conﬁdence limits around these results. The error bars shown at the experimental points are statistical. At 7 eV, the
inﬂuence of limited experimental angular resolution is indicated by the thick dotted line.
BAUM et al. PHYSICAL REVIEW A 70, 012707 (2004)
012707-10theory at angles below 50°. Note that the theoretical data in
Fig. 4 are given on an absolute scale and the relative experi-
mental data were normalized to them.
For the double-spin asymmetry agreement exists between
experiment and theory in the energy range from 7 eV to
12 eV, for the unresolved quantity Ann
sp+ddmix in Fig. 5 as well
FIG. 9. Interference asymmetry A1 for unresolved electron-impact excitation of the 6s!6p and 6s!5d transitions in Cs for incident
projectile energies between 5 eV and 25 eV. The solid line is obtained from the results of the RMPS method by forming a combined
asymmetry for this case, using Eqs. (3), (5), and (7) together with weights for the individual cross sections as required by the experiment as
described in the text. The thin dotted and dashed lines indicate the conﬁdence limits around the RMPS results. The error bars shown at the
experimental points are statistical.
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p and Ann
d in Fig. 6. Above
12 eV, the experimental data are in good agreement with the
CCC results in contrast to those of RMPS. The latter show
undulations with angle which are not conﬁrmed by experi-
ment. On the other hand, experiment seems to slightly favor
the RMPS predictions for energies below 12 eV. No satisfac-
FIG. 10. Interference asymmetry A1 for electron-impact excitation of the individual 6s!6p (left) and 6s!5d (right) transitions in Cs for
incident projectile energies between 7 eV and 12 eV. The thick solid line shows the results of the RMPS method, while the thin dotted and
dashed lines indicate the conﬁdence limits around these results. The error bars shown at the experimental points are statistical.
BAUM et al. PHYSICAL REVIEW A 70, 012707 (2004)
012707-12tory agreement exists at 5 eV, neither for theory with experi-
ment, whose data points generally lie well outside of the
conﬁdence limits, nor among the two sets of theoretical pre-
dictions.
For the spin-orbit asymmetry A2, one can see from Fig. 7
(unresolved) and Fig. 8 (resolved p and d states) that the
agreement is generally very good between the RMPS results
and the experimental data. As a nonrelativistic model, the
present CCC calculation provides a zero result here. From
7 eV to 10 eV, the zero crossing of the experimental asym-
metry is seen to occur at slightly larger angles than predicted
by RMPS. At 15 eV and also at higher energies, the theory
shows a positive spike at backward angles, which is not vis-
ible in the measured data.
Finally, the single-spin asymmetry A1 is depicted in Fig. 9
for the unresolved measurements. The experimental values,
like the theoretical ones, are generally small. Between 7 eV
and 12 eV good agreement can be stated for backward
angles. However, the wiggles in the theoretical curves at
angles below 100° are not seen experimentally. Instead, the
data are generally ﬂat and close to zero in this angular range.
At 15 eV, theory and experiment seem to be in accord below
90° but are opposing each other for larger angles. For the
resolved measurements of A1 in Fig. 10, one sees the sensi-
tivity of the experimental setting to the position of the 6p
peak by the large width of the conﬁdence bands between the
limits. Within these large margins, no discrepancy is seen
apart from four data points of A1
p at 12 eV and the most
forward angles. Here, the measured asymmetries are surpris-
ingly large compared to the corresponding asymmetries A2
p
and Ann
p . In retrospect, we cannot completely exclude that for
this energy and for these four data points of Ai
p the energy
setting of the analyzer may have been slightly off the center
of the p peak. This would lead to different conditions than
assumed for the analysis and the measurement could have
resulted here in asymmetries which are deviating from their
center-peak value and were changed according to depen-
dences very similar to those shown in Fig. 2.
VI. CONCLUSIONS AND OUTLOOK
We have extended our previous joint experimental and
theoretical studies for spin-dependent elastic electron–
cesium scattering to electron-impact excitation processes. We
could measure the excitation of the s6sd2S1/2!s6pd2P1/2,3/2
o
optically allowed and the s6sd2S1/2!s5dd2D3/2,5/2 optically
forbidden transitions. Both transitions were investigated to-
gether over a large angular and energy range, but we also
probed the individual excitations over limited ranges. We are
conﬁdent in our procedures of comparison with the theoret-
ical calculations.
As was the case for elastic scattering, the nonrelativistic
CCC method can predict the parameters s0 and Ann very well
over nearly the complete range, with a few exceptions men-
tioned in the discussion. For the “relativistic asymmetries,”
A1 and A2, the overall agreement between the experimental
data and the semirelativistic RMPS predictions is quite sat-
isfactory, with most of the discrepancies occurring for inci-
dent energies above 12 eV and backward scattering angles.
The present experimental results provide the most extensive
and detailed database for testing current and future theoreti-
cal models of the e−Cs collision system.
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